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PREFACE. 

In  the  course  of  its  investigations  looking  to  increased  efficiency  in 
the  utilization  of  fuels  belonging  to  or  for  the  u.=e  of  the  Government, 
the  Bureau  of  Mines  has  given  especial  attention  to  the  methods  of 
burning,  without  the  production  of  objectionable  smoke,  coals  con- 
taining much  volatile  matter,  such  as  are  the  most  readily  available 
fuel  in  many  cities.  As  a  result  of  the  growing  opposition  to  the 
smoke  nuisance,  many  of  the  large  manufacturing  plants  at  which 
high-volatile  coal  is  burned  are  now  supplied  with  mechanical  stokers 
and  furnaces  of  special  design,  by  the  use  of  which  practically  smoke- 
less combustion  is  obtained.  With  the  increasing  use  of  mechanical 
stokers  at  large  boiler  plants,  the  problem  of  smoke  abatement  in 
many  cities  is  becoming  more  and  more  that  of  assuring  smokeless 
combustion  at  the  small  plants — those  having  hand-fired  furnaces 
and  return  tubular  boilers. 

To  increase  the  efficiency  of  furnaces  at  such  plants  and  to  lessen 
the  annoyance  from  smoke,  various  modifications  in  the  arrange- 
ment of  brickwork,  combustion  spaces,  and  air  inlets  have  been 
proposed.  In  an  endeavor  to  aid  better  furnace  design,  the  Bureau 
of  Mines  undertook  a  series  of  experiments  to  determine  the  relative 
efficiency  of  various  methods  of  admitting  air  to  a  hand-fired  furnace 
and  of  mixing  the  burning. gases  so  as  to  insure  complete  combustion 
of  the  volatile  matter  in  the  coal  before  the  gases  reach  the  heating 
surface  of  the  boiler.  This  paper  records  the  results  obtained  by 
using  certain  arrangements  of  arches,  deflecting  walls,  and  air  inlets, 
such  as  are  typical  of  many  proposed  furnace  designs.  Some  of  the 
results  are  desirable,  others  are  not. 

As  Mr.  Flagg  points  out,  the  experiments  indicate  the  possibility 
of  designing  hand-fired  furnaces  in  which  coals  containing  much 
volatile  matter  can  be  burned  to  generate  steam  without  the  pro- 
duction of  objectionable  smoke. 

O.  P.  Hood, 

Chief  Mechanical  Engineer. 
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EXPERIMENTS  WITII  FURNACES  FOR  A  HAND-FIRED 
RETURN  TUBULAR  BOILER. 


By  Samuel  B.  Flagg,  George  C.  Cook,  and  Forrest  E.  Woodman. 


INTRODUCTION. 

Although  most  of  the  large  steam  power  plants  to-day  have 
mechanical  stokers,  yet  the  total  number  of  hand-fired  furnaces  still 
exceeds  by  far  those  in  which  such  stokers  are  used.  This  statement 
is  true  not  only  as  regards  commercial  plants  but  as  regards  plants 
operated  by  the  Federal  Government. 

For  many  years  it  was  the  practice  in  this  country  to  set  practically 
all  hand-fired  boilers,  both  water  tube  and  fire  tube,  according  to 
certain  standard  designs  without  regard  to  the  character  of  the  fuel 
to  be  used.  Most  of  these  standard  settings  were  developed  in  the 
eastern  States  where  the  fuel  used  was,  as  a  rule,  either  a  small  size  of 
anthracite  or  a  bituminous  coal  containing  relatively  little  volatile 
matter.  The  adoption  of  such  furnace  designs  for  plants  where  the 
more  gaseous  coals  were  to  be  used  resulted  not  only  in  large  losses 
from  incomplete  combustion,  but  also  in  the  production  of  much 
dense  smoke. 

With  the  increased  opposition  to  smoke  came  a  greater  demand  for 
its  elimination.  This  demand  was  directed  first  at  the  larger  plants, 
and  because  of  the  greater  possibilities  of  reducing  operating  expenses 
and  the  greater  assurance  of  smoke  prevention  by  the  use  of  mechan- 
ical stokers,  these  plants  generally  abandoned  hand  firing.  Various 
devices  were  also  developed  and  sold  for  hand-fired  boilers,  but  most 
of  them  took  little  or  no  account  of  furnace  design.  Within  the  last 
few  years,  however,  the  demand  for  the  reduction  of  smoke  emission 
from  hand-stoked  furnaces  has  become  more  insistent  and  much  more 
attention  has  been  given  to  the  design  of  hand-fired  furnaces,  includ- 
ing those  for  small  plants. 

The  tests  reported  in  this  paper  were  undertaken  for  the  purpose 
of  determining  the  effect  on  furnace  efficiency  and  on  smoke  emis- 
sion of  certain  features  of  furnace  design  and  of  different  methods  of 
operation. 

The  results  of  the  tests  show  that  it  is  possible  to  develop  furnaces 
that  will,  if  properly  handled,  meet  the  requirements  of  city  smoke 
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6  FURNACES   FOR   A    HAND-FIRED   BOILER. 

enactments.     With  the  proof  of  this  possibility  will  come  further 
improvement  in  all  hand-fired  boiler  furnaces. 

GENERAL    CONDITIONS    OF   TESTS. 

The  furnace  used  in  the  tests  was  connected  with  a  small  horizontal 
return  tubular  boiler  having  rather  large  fire  tubes.  Six  series  of 
tests  were  made.  In  the  first  series  there  was  an  arch  over  the  grate 
and  the  bridge  wall;  in  the  second  series  a  deflecting  baffle  was  added 
back  of  this  arch;  in  the  third  series  there  was  no  arch  directly  over 
the  grate,  but  the  part  over  the  bridge  wall  and  the  deflecting  baffle 
were  retained;  in  the  fourth  and  fifth  series  of  tests  there  were  mixing 
wing  walls  and  heat-retaining  masses  in  the  combustion  space  back 
of  the  bridge  wall;  and  in  the  sixth  series  a  lengthened  passage  for  the 
gases  through  the  boiler  tubes  was  provided. 

DEDUCTIONS    FROM    TESTS. 

Certain  conclusions  drawn  from  the  results  of  the  tests  are  believed 
to  apply  to  the  settings  of  practically  all  hand-fired  boilers  of  the 
return-tubular  type,  when  fired  as  described  in  this  paper.  These 
deductions  are  as  follows: 

1 .  The  operation,  at  rating,  of  hand-fired  boilers  of  this  type  in  most 
American  cities  without  violation  of  their  smoke  ordinances  is  physi- 
cally possible,  and  with  proper  boiler-room  supervision  can  be  accom- 
plished, although  it  requires  an  attention  to  firing  methods  not  given 
by  the  average  fireman. 

2.  The  prevention  of  smoke  may  be  more  easily  accomplished  when 
the  coking  method  of  firing  is  employed  than  when  the  spreading 
method  is  used. 

3.  The  use  of  supplementary  air  immediately  after  firing  tends  to 
increase  the  over-all  efficiency  and  to  abate  smoke. 

4.  A  brick  arch  directly  over  the  fire  and  underneath  the  boiler 
shell  results  in  lower  over-all  efficiency  and  in  the  production  of  more 
smoke.  The  screening  of  heating  surface  in  the  combustion  chamber 
from  direct  radiation  from  the  brickwork  tends  to  lower  the  combined 
efficiency. 

Further  conclusions  as  regards  the  effects  of  certain  types  of  arch 
are  presented  at  the  end  of  this  paper. 

ACKNOWLEDGMENTS. 
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of  Minos,  for  cooperation  in  conducting  the  tests,  computing  results, 
and  analyzing  samples  of  coal  and  refuse. 

THE  FUEL. 

The  fuel  used  throughout  the  experiments  was  slack  coal  from  two 
mines  near  Pittsburgh,  Pa.,'  that  were  working  the  Pittsburgh  bed. 
Tho  coal  was  selected  as  being  representative  of  that  used  for  steam- 
ing purposes  throughout  the  Pittsburgh  district,  ami,  because  of  the 
proportion  and  character  of  its  volatile  matter,  as  being  typical  of 
coals  difficult  to  burn  without  smoke  in  a  hand-fired  furnace. 

The  proportions  of  nut  and  fine  coal  varied  considerably  in  the 
different  shipments  received,  but  the  fuel  for  tho  tests  was  used  just 
as  it  was  taken  from  the  cars,  no  selecting  nor  screening  being  done 
at  any  time.  The  proximate  analyses  of  tho  test  samples  are  pre- 
sented in  Table  2  (pp.  16-23),  and  an  ultimate  analysis  (moisture 
free)  of  the  coal  from  each  mine  is  given  below: 

Ultimate  analyses  on  moisture-free  basis  of  coals  used  in  tests. 

Prr  cent. 

Hydrogen 4.93  4.8 

Carbon 74.33  72.4 

Nitrogen 1.38  1.4 

Oxygen 4.  44  6.7 

Sulphur 2.79  1.7 

Ash 12.13  13.0 

BOILER.  AND  SETTING. 

The  principal  data  relative  to  the  boiler  and  setting  are  given  in 
Table  1.     The  figures  in  this  table  apply  to  all  tests. 

Table  1. — Principal  dim&isions  of  boiler  and  setting. 

Boiler: 

Type Horizontal  return  tubular. 

Hated  capacity,  at  10  square  feet  per  boiler-horsepower horsepower. .       83 

Length  of  shell feet. .       16 

Diameter  of  shell inches. .       60 

Number  of  tubes 44 

External  diameter  of  tubes inches. .  4.  00 

Internal  diameter  of  tubes do 3.  75 

Water-heating  surface  of  tubes square  feet. .     688 

Water-heating  surface  of  shell do 126 

Water-heating  surface  of  tube  sheets do 19 

Total  water-heating  surface do 833 

Furnace: 

Kind  of  grate Plain. 

Length  of  grate feet. .        4.  5 

Width  of  grate do 5.  0 

Area  of  grate square  feet. .      22.  5 

Width  of  air  spaces inches. .    £  to  £ 

Proportion  of  air  spaces  to  grate  surface per  cent. .      43 
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Furnace — Continued. 

Height  of  boiler  shell  above  grate inches. .  42 

Least  draft  area  (over  bridgewall) square  feet. .  2.  5 

Depth  of  ash  pit inches. .  24 

Stack: 

Construction Steel,  supported  by  guy  wires. 

Height  of  top  above  grate feet. .  128 

Diameter inches. .  30 

Area square  feet. .  4.  9 

In  the  first  three  series  of  tests  the  side  walls  of  the  setting  were  of 
brick.  Each  wall  consisted  of  two  9-inch  walls  with  an  air  space  1 
inch  wide  between  them.  In  the  last  three  series  the  setting  had  a 
concrete  outer  wall  9  inches  thick  and  a  9-inch  fire-brick  lining,  sepa- 
rated by  one  thickness  of  tar  paper. 

AIR-ADMISSION   DEVICES. 

The  admission  of  extra  air  after  firings  in  series  1,  2,  and  3  was 
accomplished  by  means  of  14  rectangular  openings  equally  spaced 
across  the  front  wall  of  the  furnace  above  the  firing  doors.  These 
openings  had  a  total  area  of  46  square  inches,  or  about  2\  square 
inches  per  square  foot  of  grate  area,  and  were  connected  to  a  common 
duct  or  air  passage  in  the  wall  that  was  approximately  8  by  10  inches 
and  extended  out  through  the  side  wall.  A  sliding  door  at  the  outer 
end  of  this  duct  enabled  the  fireman  to  cut  off  the  air  supply  entirely 
or  to  regulate  the  volume  of  ah*  admitted. 

Eight  rectangular  openings  having  a  total  area  of  115  square  inches, 
or  about  5  square  inches  per  square  foot  of  grate  area,  were  used  in 
the  last  three  series.  These  openings  were  equally  spaced  across  the 
front  wall  of  the  furnace  and  were  divided  into  two  separately  con- 
trolled groups,  one  for  each  half,  each  group  being  equipped  with  a 
sliding  damper  in  the  boiler  front  for  control  of  the  air  admission. 

In  each  of  two  openings,  one  on  each  side  of  the  furnace  front  and 
about  over  the  centers  of  the  firing  doors,  a  high-pressure  steam  jet 
was  placed.  The  jet  pipe  extended  to  within  1  inch  of  the  inner  face 
of  the  front  wall  and  was  pointed  at  the  rear  line  of  the  grates.  The 
direction  of  the  jets  was  maintained  the  same  throughout  the  tests. 
It  was  the  intention  also  to  keep  the  size  of  the  opening  in  the  jet 
pipe  constant,  and  to  this  end  the  tips  were  removed  as  soon  as  they 
became  burnt  or  badly  corroded.  The  jets  were  made  by  plugging 
the  one-fourth  inch  j  et  pipe  with  a  pipe  plug,  in  which  was  drilled  a 
hole  one-eighth  inch  in  diameter. 

In  some  of  the  tests  the  supplementary  air  was  admitted  through 
the  rear  face  of  the  bridgewall,  instead  of  at  the  front  end  of  the  fur- 
nace, 18  openings  with  a  total  area  of  67  square  inches,  or  about  3 
square  inches  per  square  foot  of  grate  area,  being  provided.    The 
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duct,  approxima  bely  8  by  10  inches,  to  which  these  openings  were  con- 
nected, is  shown  in  figures  1 ,  2,  and  3.  The  air  admission  was  regu- 
lated by  a  sliding  door  similar  to  the  one  used  for  the  duct  at  the 
front  end. 


FURNACE   ARRANGEMENT. 

Figure  1  shows  the  furnace  arrangement  throughout  the  first  series 
of  tests.     It  will  be  noted  that  the  furnace  arch  extended  from  the 
44773°— 14 2 
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front  wall  to  about  1  foot  back  of  the  bridgewall.  Before  the  second 
series  of  tests  was  started,  the  furnace  arch  was  extended  as  indi- 
cated in  figure  2  and  a  deflection  arch  was  added  back  of  the  bridge- 
wall  for  the  purpose  of  deflecting  the  gases  downward  and  causing 


CA 


them  to  mix  better.  For  the  third  series  the  deflection  arch  and 
the  rear  part  of  the  furnace  arch  were  left  unchanged,  but  the  part  of 
the  furnace  arch  directly  over  the  grates  was  removed,  as  shown  in 
figure  3.     After  the  removal  of  the  front  part  of  the  furnace  arch  a 
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4-inch  curtain  wall  was  built  on  top  of  the  rear  part,  so  as  to  prevent 
the  passage  of  gases  between  the  arch  and  the  boiler  shell.  In  the 
setting  for  the  fourth  series,  a  brick  pier  dividing  the  combustion  cham- 
ber into  two  parallel  gaspassages  was  substituted   for  the  deflection 


arch  and  baffle  wall.  For  the  better  mixing  of  the  gases,  wings  were 
added  to  the  side  walls  and  to  the  front  end  of  the  brick  pier,  as  shown 
in  Plate  I.  A  curtain  wall,  extending  from  the  top  to  the  shell,  was 
erected  at  the  front  end  of  the  pier,  and  tile  were  laid  horizontally 
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from  the  top  of  the  pier  to  the  side  walls.  The  setting  for  the  fifth 
series  was  identical  with  that  of  the  fourth,  except  that  in  the  fifth 
series  the  horizontal  tile  in  the  combustion  chamber  were  removed. 
The  setting  in  the  sixth  series  was  the  same  as  in  the  fourth,  except 
that  a  baffle  was  erected  across  the  back  of  the  shell  to  cause  the  gases 
to  pass  through  the  lower  24  tubes  to  the  front,  return  through  the 
upper  20,  and  leave  the  boiler  through  a  breeching  at  the  rear.  This 
setting  gave  the  gases  a  double  instead  of  a  single  pass  through  the 
tubes. 

TESTING  EQUIPMENT  AND  APPARATUS. 

Tho  water  fed  to  the  boiler  during  all  tests  was  of  the  temperature 
it  had  as  it  came  from  the  city  mains.  The  quantity  used  was  deter- 
mined by  means  of  a  No.  22  Kennicott  water  weigher  discharging  into 
a  feed  tank.  A  duplex  pump  took  the  water  from  this  tank  and 
forced  it  into  the  boiler  through  a  feed  line  connected  to  the  blow-off 
pipe  directly  under  the  boiler. 

In  some  tests  the  flue  gas  temperatures  were  determined  by  means 
of  a  mercurial  pyrometer;  in  others  by  means  of  an  electric  thermo- 
couple. The  hot  end  of  the  thermometer  or  of  the  thermocouple,  as 
might  be,  was  kept  inside  of  a  sheet-iron  sampler  or  collector  placed 
in  the  smoke  box  just  under  the  damper,  thus  protecting  the  ther- 
mometer bulb  from  losing  heat  to  the  cooler  boiler  surfaces  and  walls. 
Other  temperatures  were  read  by  means  of  the  usual  mercurial  ther- 
mometers. 

In  all  but  six  tests  a  modified  Orsat  apparatus  was  used  for  analyz- 
ing the  flue  gases,  and  in  these  tests  a  Precision  C02  recorder  was 
employed,  check  analyses  being  made  with  the  Orsat  apparatus  at 
frequent  intervals. 

For  " draft"  measurements  pressure  gages  of  the  differential  type, 
as  manufactured  by  several  makers,  were  used.  All  smoke  observa- 
tions were  made  by  comparison  with  the  Ringlemann  chart.* 

The  moisture    in    the   steam  was  determined    with  a  throttling 

calorimeter. 

METHOD  OF  CONDUCTING  TESTS. 

The  unit  used  in  these  tests  was  operated  for  the  sole  purpose  of 
the  investigations  and  the  load  was  therefore  practically  constant 
throughout  any  one  test,  control  being  obtained  by  throttling  an 
outlet  delivering  to  the  atmosphere. 

STARTING   AND    STOPPING   TKE   TESTS. 

In  starting  and  stopping  the  tests  a  modification  of  the  "  alternate 
method,"  as  described  in  the  American  Society  of  Mechanical  Engi- 
neers' code  of  1899  for  boiler  trials,  was  used. 

»  Flagg,  S.  B.,  City  smoke  ordinances  and  smoke  abatement:  Bull.  49,  Bureau  of  Mines,  1912,  p.  27. 
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The  fire  was  built  up  from  a  banked  condition  and  the  setting  was 
heated  to  a  temperature  corresponding  to  normal  running  conditions. 
Soon  after  this  condition  had  been  reached  the  firo  was  cleaned.  For 
the  next  45  minutes  orso  the  furnace  was  operated  in  tho  same  manner 
as  it  was  to  be  operated  during  the  test,  then  starting  readings  were 
taken  and  the  test  was  begun.  At  tho  close  of  the  test  the  same 
method  of  procedure  was  followed,  especial  care  being  taken  to  have 
the  fuel-bed  conditions  as  they  were  when  the  test  began. 

METHODS    OF    FIRING. 

Each  series  of  tests  was  divided  into  two  groups.  The  coking 
method  of  firing  was  followed  throughout  the  tests  of  one  group  and 
the  alternate-spreading 
method  throughout  the 
other. 


COKING    METHOD. 


Figure  4.- 


Cross  section  of  fuel  bed  in  furnace  fired  by  coking 
method. 


In  firing  by  the  cok- 
ing method  compara- 
tively large  charges  of 
coal  are  fired  at  inter- 
vals of  1 5  minutes.  The 
coal  is  heaped  in  a  pile 
extending  across  the 
furnace  and  just  inside 
the  dead  plate,  where  it 
is  allowed  to  remain 
until  the  next  firing  (fig.  -A).  The  volatile  matter  is  slowly  driven  off 
by  the  heat  of  the  furnace  and  at  the  end  of  15  minutes  the  coal  at 
the  front  should  be  coked.  At  the  next  filing  the  coke  at  the  front  is 
broken  up  and  pushed  to  the  rear  by  means  of  a  hoe,  care  being  taken 
to  cover  up  any  holes  or  thin  spots  in  the  fuel  bed  at  the  rear;  then 
more  green  coal  is  fired,  as  previously  described.  The  volatile  matter 
distilled  from  the  green  coal  passes  over  the  incandescent  coke  at  the 
rear  and  is  consumed  without  smoke  provided  it  is  intimately  mixed 
with  the  necessary  air. 

In  the  tests  recorded  in  this  paper  the  time  required  to  push  back 
the  partly  coked  charge  and  fire  the  fresh  coal  through  the  two  firing 
doors  was  about  1^  minutes,  except  when  conditions  made  slicing  or 
other  special  attention  necessary. 

ALTERNATE-SPREADING   METHOD. 

In  firing  by  the  alternate-spreading  method,  small  charges  of  coal 
are  fired  at  intervals  of  5  minutes  on  either  side,  thus  making  tho 
interval  between  the  consecutive  firings  of  any  one  door  10  minutes. 
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The  purpose  in  firing  one  side  at  a  time  is  to  allow  the  temperature 
of  the  furnace  to  be  sustained  bj~  the  incandescent  fuel  bed  on  the 
other  side  at  such  a  point  that  the  volatile  matter  driven  off  from 
the  freshly  charged  fuel  will  bo  consumed. 

In  the  tests  recorded  in  this  paper  the  time  taken  to  make  each 
firing  was  ordinarily  between  15  and  30  seconds.  In  firing  an  effort 
was  made  to  place  the  coal  so  as  to  maintain  a  uniformly  level  fuel 
bed  and  to  prevent  thin  spots  developing. 

ATTENTION   TO   FUEL,  BED. 

The  quantity  of  coal  charged  at  any  one  time  varied  according  to 
the  method  of  firing  and  also  with  the  rate  of  combustion,  but  was 
kept  as  nearly  uniform  as  possible  throughout  any  one  test.  The  fuel 
bed  was  sliced  or  raked  only  when  necessary,  and  the  records  show 
that  the  frequency  of  slicing  was  about  the  same  for  both  methods  of 
firing.  When  the  coking  method  was  employed  the  fuel  bed  was 
necessarily  leveled  each  time  fuel  was  charged,  but  this  was  considered 
part  of  the  regular  firing  routine,  and,  as  no  other  raking  was  necessary, 
none  was  recorded. 

USE  OF  SUPPLEMENTARY  AIR  AND  STEAM  JETS. 

As  has  already  been  pointed  out,  each  series  of  tests  was  composed  of 
two  groups.  It  will  be  noted  in  the  tables  of  results  that  the  tests  of 
each  group  were  made  in  the  same  order  as  regards  the  use  of  steam 
jets  or  air-admission  openings.  These  auxiliary  devices  were  in  use 
2  to  4  minutes  after  each  firing,  the  time  necessary  depending  on  the 
device  used  and  on  the  method  of  firing  employed.  In  no  instance 
was  any  device  used  continuously  throughout  the  test. 

SMOKE   OBSERVATIONS. 

Smoke  observations  were  taken  eveiy  15  seconds  during  alternate 
periods  of  15  minutes  throughout  the  first  7  hours  of  the  test  and  at 
intervals  of  15  seconds  throughout  the  last  hour  during  which  the 
cleaning  period  occurred.  The  effort  was  made  to  control  conditions 
so  as  to  develop  about  100  per  cent  of  the  boiler's  rated  capacity  each 
day  and  to  keiep  the  load  fairly  constant. 

SAMPLING    AND    ANALYSIS    OF   FLUE    GASES. 

During  most  of  the  tests  gas  samples  were  collected  continuously 
over  half-hour  periods  and  analyzed  with  the  Orsat  apparatus.  In  a 
few  of  the  tests  the  gases  were  analyzed  by  a  C02  recorder  and  a  num- 
ber of  check  samples  analyzed  with  the  Orsat  apparatus  to  establish 
the  correctness  of  the  recorder  readings. 


RESULTS   OF   TESTS.  15 

SIZE   OP    II   II.. 

The  percentages  of  mil  and  fine  coal  given  in  the  tables  of  results 
are  the  averages  of  estimated  percentages  noted  during  the  tests.  No 
sizing  tests  were  made,' but  the  percentages  were  estimated  each  time 
a  load  of  coal  was  weighed  for  the  lest. 

USE   OF    STEAM     VXD    WATER   IX   ASH   PIT. 

On  account  of  trouble  experienced  during  some  of  the  preliminary 

tests  from  clinker  sticking  to  the  grates  and  walls,  it  was  decided  to 
introduce  steam  into  the  ash  pit,  and  because  of  the  luck  of  available 
exhaust  steam,  live  steam  had  to  be  used.  All  tests  of  the  first  three 
series  were  conducted  in  this  manner,  but  no  measurements  of  the 
quantity  of  steam  used  nor  any  corrections  for  such  use  were  made. 
In  the  last  three  series  of  tests  water  was  used  in  the  ash  pit  in  place 
of  steam. 

RESULTS  OF  TESTS. 

The  principal  data  in  regard  to  the  details  of  each  test  and  the 
results  obtained  arc  given  in  Table  2  following. 
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FURNACES   FOR   A   HAXD-FIRED   BOILER. 
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FURNACES   FOR    A    HAXD-FIRED   BOILER. 
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A  summary  of  the  principal  results  of  each  series  of  tests  is  pre- 
sented in  Table  3. 

Table  3. — Principal  results  of  furnace  tests. 
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Do 
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Do 
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DISCUSSION  OF  TEST  RESULTS. 
EFFECT   OF   CONSTRUCTION   OF   FURNACE. 

It  will  be  noticed  that  in  the  single-pass  tests  the  significant  results 
in  Table  2  are  much  the  same  for  series  1,  2,  and  4,  whereas,  with  a 
few  exceptions,  they  are  uniformly  better  for  series  3  and  5.  In 
general,  the  percentage  of  clinker  in  the  refuse,  the  amount  of  smoke 
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emitted,  and  the  flue-gas  temperature  arc  less,  and  therefore  more 
favorable,  in  the  third  and  fifth  scries  than  hi  the  other  three;  the 
water  evaporated  per  pound  of  fuel,  the  efficiency  of  tho  boiler  and 
grate,  and  the  percentage  of  C02  in  the  uptake  gases  are  greater  and 
also  more  favorable. 

In  the  third  series  the  removal  of  that  part  of  the  combustion  arch 
directly  over  the  fuel  bed  exposed  the  comparatively  cool  boiler  shell 
to  the  radiant  heat  from  the  incandescent  coke,  thus  lowering  the 
temperatures  of  the  furnace,  the  fuel  bed,  and  the  gases  entering  the 
tubes,  resulting  in  lower  flue-gas  temperatures  and  higher  over-all 
efficiency.  In  explanation  of  tins  result  it  may  be  stated  that  so 
long  as  combustible  gases  are  kept  at  a  temperature  sufficiently  high 
to  allow  of  their  combination,  the  advantages  to  be  gained  by  a  fur- 
ther elevation  of  their  temperature  are  partly  if  not  entirely  offset 
by  the  resulting  disadvantages. 

The  lower  temperature  of  the  fuel  bed  resulted  in  the  formation 
of  less  clinker,  and  although  no  measurements  of  furnace  or  fuel-bed 
temperatures  were  made,  the  difference  was  decidedly  evident,  espe- 
cially to  the  fireman  when  stoking  or  cleaning  fires. 

In  the  fourth  series  the  effect  of  the  removal  of  the  arch  over  the 
fire  was  apparent  in  the  low  percentage  of  clinker  formed,  but  because 
of  the  screening  of  a  part  of  the  water-cooled  surface  in  the  combus- 
tion chamber  from  the  direct  radiation,  the  temperatures  of  the  gases 
entering  the  tubes  were  greater,  so  that  flue-gas  temperatures  were 
higher  and  tho  over-all  efficiency  was  lower. 

In  the  fifth  series,  the  removal  of  the  horizontal  tile  in  the  com- 
bustion chamber  exposed  the  shell  to  considerable  radiation  from 
the  hot  brickwork  and  resulted  in  higher  efficiencies  than  were  attained 
with  any  of  the  previous  settings,  and  without  the  emission  of  any 
objectionable  amount  of  smoke.  It  is  believed  that  this  freedom 
from  objectionable  smoke  results  from  the  adequacy  of  the  mixing 
devices  and  the  sustaining  of  the  temperature  of  the  gases  above  the 
ignition  point  by  the  action  of  the  brickwork  remaining  in  the  com- 
bustion chamber. 

The  results  of  the  sixth  series  with  the  double  pass  showed  a  sub- 
stantial gain  in  efficiency  over  those  of  the  fourth,  owing  to  the  extra 
length  of  gas  travel,  the  furnace  construction  being  the  same,  but 
because  of  the  increased  resistance  of  the  gas  passages,  the  maximum 
capacity  that  could  be  developed  with  a  given  available  draft  was 
less  than  with  a  single  pass. 

The  decreased  smoke  emission  during  the  tests  of  the  last  three 
series  is  to  be  explained  largely  by  the  fact  that  the  lower  furnace 
temperatures,  owing  to  the  removal  of  part  of  the  arch,  produced 
a  more  gradual  distillation  of  the  volatile  or  gaseous  part  of  the  coal, 
but  without  cooling  to  such  a  degree  as  to  prevent  proper  combustion. 
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As  the  combustible  gases  were  more  slowly  and  gradually  driven  off, 
it  was  possible  to  obtain  a  better  mixture  of  the  air  with  them,  which 
in  turn  resulted  in  less  smoke  being  produced.  The  observations 
showed  the  duration  of  the  smoke  emission  to  be  about  the  same  for 
the  tests  of  all  sLx  series,  but  in  the  last  three  series  dense  smoke  was 
emitted  immediately  after  firing  for  much  shorter  periods  than  in  the 
earlier  tests. 

The  higher  average  carbon  dioxide  content  of  the  gases  in  the  tests  of 
the  last  three  series  is  due  largely  to  the  freedom  from  clinker  troubles, 
which  has  already  been  mentioned.  The  deflection  arch,  which  was 
added  for  series  2,  can  probably  be  credited  with  a  general,  though 
not  marked,  reduction  of  smoke  in  the  tests  of  that  series  as  compared 
with  those  of  the  first.  This  is  not  a  true  indication,  however,  of  the 
effect  of  the  addition  of  the  deflection  arch,  because  the  baffle  or  cur- 
tain wall  which  was  in  the  combustion  chamber  throughout  both 
series  of  tests  produced  somewhat  the  same  effect — a  mixing  of  the 
gases — that  the  deflection  arch  was  designed  to  accomplish. 

Attention  is  also  called  to  the  smoke  observations  for  the  first  four 
tests  of  series  1.  These  tests  do  not  support  the  conclusions  drawn 
relative  to  the  effect  of  various  changes,  in  so  far  as  smoke  is  concerned. 
The  lesser  amounts  of  smoke  produced  in  these  tests  as  compared  to 
that  produced  in  the  rest  of  the  tests  are  doubtless  due  in  part  to  the 
greater  amount  of  air  supplied  for  combustion,  as  indicated  by  the 
gas  analyses,  and  possibly  also  to  a  slight  difference  in  the  coal  used. 

EFFECT   OF   METHOD    OF   FIRING. 

A  comparative  study  of  the  two  groups  of  tests  in  each  series  shows 
that  less  clinker  was  formed  and  less  smoke  emitted  when  the  coking 
method  of  firing  was  employed.  On  the  other  hand,  the  results  of 
tests  conducted  with  the  alternate-spreading  method  of  firing  gen- 
erally show  greater  evaporation  per  pound  of  fuel  (higher  efficiency), 
higher  percentages  of  carbon  dioxide  in  the  uptake  gases,  and  lower 
exit  temperatures  of  these  gases.  With  a  given  draft,  higher  rates 
of  combustion  and  higher  capacities  can  be  obtained  with  the  alter- 
nate-spreading method,  because  the  resistance  of  the  fuel  bed  to  the 
passage  of  air  is  lower  and  the  drop  in  draft  through  the  boiler  is  less 
with  the  smaller  quantity  of  gases  handled  when  the  higher  percent- 
ages of  carbon  dioxide  are  obtainable. 

These  relations  of  higher  carbon  dioxide  content  and  lower  uptake 
temperatures  are  the  reverse  of  those  which  are  usually  believed  to 
obtain  in  boiler  practice.  The  rates  of  combustion  for  the  tests  of 
any  one  series  are  so  nearly  constant  that  they  may  be  so  considered, 
and  there  is  nothing  to  indicate  serious  error  in  either  the  gas  analyses 
or  the  temperature  measurements.    The  authors  offer  the  following 
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explanation  for  the  rooming  incongruity  in  the  results  of  the  two 
groups.  With  the  spreading  method  of  tiring  the  carbon  dioxide 
content  is  higher,  indicating  that  a  smaller  quantity  of  hot  gases  is 
being  formed.  Tho  gases,  although  at  a  higher  temperature  over  the 
fire,  aro  reduced  in  temperature  moro  rapidly  both  before  and  after 
entering  the  boiler  tubes  than  the  larger  quantities  formed  by  the 
coking  method  are.  The  result  is  that  tho  temperaturo  of  tho  gases 
entering  the  tubes  is  only  slightly  higher  in  tho  tests  wherein  tho 
spreading  method  of  firing  was  used,  and  as  tho  quautity  of  gas  is 
less  tho  fall  of  temperature  through  the  tubes  is  moro  rapid  and  tho 
gases  therefore  emerge  with  a  lower  final  temperature.  If  the  curves 
for  the  two  series  of  average  temperaturo  drop  along  the  tubes  were 
plotted,  they  would  cross  each  other  possibly  somewhere  near  the 
middle.  The  difference  in  uptake  temperatures  would  grow  less  with 
increased  rates  of  combustion  or  increased  length  of  tubes,  and  might 
even  be  tho  other  way  with  sufficiently  high  rates  of  combustion.0 

The  continual  raking  and  stirring  of  the  fire  incident  to  the  coking 
method  of  filing  shook  more  of  the  ash  through  the  grates  and  left 
less  of  it  on  them  to  fuse  into  clinker  than  the  proceduro  in  tho  other 
method  of  firing  did.  The  tabulated  results  of  the  tests  show  a 
marked  difference  in  the  amount  of  clinker  formed  under  the  two 
methods  of  handling,  and  the  analyses  of  the  samples  of  refuse  also 
show  that  the  loss  of  combustible  matter  in  the  refuse  was  no  greater 
from  a  fire  so  raked  and  stirred  than  from  one  fed  by  the  spreading 
method. 

The  smaller  percentages  of  carbon  dioxide  in  the  flue  gases  when 
the  firing  was  done  by  the  coking  method  may  be  explained  in  part 
by  the  fact  that  the  interval  between  firings  was  longer  in  such  tests 
than  when  the  other  method  of  firing  was  employed,  and  consequently 
the  tendency  for  the  fuel  bed  to  burn  through  in  spots  and  let  more 
air  pass  was  also  greater.  Another  possible  explanation  for  the  greater 
excess  of  air  admitted  in  firing  by  the  coking  method  is  that  there  is 
evidently  more  of  a  tendency  for  the  fuel  bed  to  burn  through  at  tho 
back. 

With  the  particular  furnace  arrangements  and  the  other  condi- 
tions under  which  these  tests  were  conducted  a  comparison  of  the 
two  methods  of  firing  as  regards  smoke  prevention  shows  decidedly 
in  favor  of  the  coking  method.  The  greater  amount  of  smoke  emitted 
when  the  alternate  spreading  method  of  firing  was  used  is  probably 
due  to  two  causes,  namely,  inadequacy  of  the  supplementary  air 
openings  to  admit  the  required  air  immediately  after  firing  and  insuffi- 
cient facilities  for  mixing  the  air  and  combustible  gases  before  they 

aFor  further  discussion  of  these  relations  see  Ray,  W.  T.,  and  Kreisinger,  Henrj*:    The  transmission  oi 
heat  Into  steam  boilers,  Bull.  IS,  Bureau  of  Mines,  1912,  pp.  144-165. 
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reached  the  tubes.  Had  the  supplementary  air  openings  been  of 
greater  capacity  the  amount  of  smoke  produced  by  the  spreading 
method  would  doubtless  have  been  lessened.  A  further  disadvantage 
of  the  spreading  method  of  firing  is  the  more  frequent  attention  re- 
quired by  the  firemen  to  attain  the  same  degree  of  smokelessness, 
which,  in  case  one  fireman  had  to  tend  more  than  one  boiler,  would 
introduce  operating  difficulties. 

EFFECT   OF   AUXILIARY   DEVICES. 

The  results  of  the  tests  show  that  an  increase  in  efficiency  and  a 
decrease  in  the  time  of  emission  of  dense  smoke  resulted  from  the  ad- 
mission of  the  supplementary  air.  With  the  furnace  and  combustion 
chamber  arranged  as  shown  in  figures  1,  2,  or  3,  it  seemingly  made 
little  difference  whether  the  extra  air  was  admitted  through  the 
openings  at  the  front  of  the  furnace  or  through  those  in  the  bridge 
wall.  The  effectiveness  of  admitting  air  through  the  bridge  wall  is, 
however,  more  largely  dependent  on  the  facilities  for  mixing  the 
gases  in  the  combustion  chamber  than  that  of  admitting  air  over  the 
firing  doors,  and  this  point  should  be  kept  in  view  when  the  relative 
value  of  the  two  methods  is  considered  in  the  design  of  boiler  furnaces. 
This  conclusion  is  substantiated  by  the  results  obtained  in  several 
trials  of  bridge-wall  air  admission  with  the  setting  shown  in  Plate  I. 
The  supplementary  air  is  admitted  below  the  gases  coming  over  the 
bridge  wall,  and  the  mixing  devices  do  not  intimately  mix  the  air  and 
gases  in  a  vertical  plane,  resulting  in  stratification  and  the  failure  of 
this  method  of  reducing  smoke. 

As  already  stated,  only  one  position  and  one  design  of  steam  jet 
was  tried,  but  under  the  conditions  of  these  tests  the  results  seem 
to  discourage  rather  than  to  encourage  the  "use  of  the  steam  jet  as 
an  auxiliary  mixer  of  gases.  It  is  quite  possible,  however,  that  better 
results  might  have  followed  the  use  of  steam  jets  differently  arranged. 
The  authors  believe  that  further  experiments  with  hand-fired  fur- 
naces for  this  type  of  boiler  will  show  the  possibility  of  constructing 
a  furnace  that  will  produce  practically  the  same  results  with  supple- 
mentary air  alone  as  with  air  and  any  arrangement  of  steam  jets. 
In  view  of  the  prejudice  of  many  engineers  against  the  use  of  steam 
jets,  the  development  of  a  furnace  that,  without  excessive  initial 
or  maintenance  costs,  will  give  as  good  results  without  jets  is  greatly 
to  be  desired. 

SUMMARY  AND  CONCLUSIONS. 

Certain  conclusions  have  been  drawn  from  the  results  of  the  tests 
described  in  this  paper.  As  previously  stated,  some  of  these  deduc- 
tions are  general  and  are  believed  to  apply  to  the  settings  of  practi- 
cally all  hand-fired  boilers  of  the  return-tubular  type  when  fired 
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as  described  in  this  paper.  Other  conclusions  are  more  restricted 
in  application,  and  may  not  be  true  under  conditions  other  than  those 
described  herein.  A  summary  of  the  general  deductions  has  been 
given,  but  is  repeated  here. 

Tho  operation  at  rating  of  hand-fired  boilers  of  this  typo  in  most 
American  cities  without,  violation  of  their  smoke  ordinances  is 
physically  possible  and  with  proper  boiler-room  supervision  can  be 
accomplished,  although  it,  requires  an  attention  to  firing  methods 
not  given  by  the  average  fireman. 

The  prevention  of  smoke  may  be  more  easily  accomplished  when 
the  coking  method  of  firing  is  employed  than  when  tlio  alternate- 
spreading  method  is  used. 

The  use  of  supplementary  air  immediately  after  firing  tends  to 
increase  the  over-all  efficiency  and  to  prevent  smoke. 

A  brick  arch  placed  directly  over  the  firo  and  underneath  the 
boiler  shell  results  in  lower  over-all  efficiency  and.  in  tho  production 
of  more  smoke. 

The  screening  of  heating  surface  in  the  combustion  chamber  from 
direct  radiation  from  the  brickwork  tends  to  lower  the  combined 
efficiency. 

A  deflection  arch  of  the  form  shown  in  figures  2  and  3  produces  a 
better  mixture  of  the  furnace  gases  and  thereby  aids  in  obtaining 
proper  combustion  conditions;  tho  same  effect  is  produced  by  the 
wings  and  piers  illustrated  in  Plate  I. 

The  following  statements  are  based  upon  the  tests  described  in 
this  paper,  but  may  not  be  true  under  different  conditions: 

The  devices  for  admitting  ah*  at  the  bridge  wall  and  at  the  front  of 
the  furnace,  shown  in  figures  1,  2,  and  3,  appear  to  be  equally  effective 
in  reducing  the  amount  of  smoke  and  to  result  in  approximately  the 
same  over-all  efficiency. 

Although  no  complete  tests  were  made  on  the  furnace  arrangement 
shown  in  figure  4,  using  air  admission  at  the  bridge  wall,  enough 
trials  were  made  to  prove  that  with  this  furnace  such  a  method  of 
admitting  supplementary  air  was  not  effective  in  reducing  the 
amount  of  smoke. 

Steam  jets,  as  arranged  in  this  furnace,  fail  to  show  a  sufficient 
gain  in  efficiency  or  smoke  reduction  to  justify  their  use. 
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